Summary Chronic hypoxia increases the expression of a set of stress proteins (oxygen regulated proteins or ORPs) which is implicated in the development of drug resistance and radiation sensitivity in tumour cells. Five major ORPs have been documented, and two, ORP 80 and ORP 100, are considered to be identical to the glucose regulated stress proteins GRP78 and GRP94, respectively. We report here that ORP 33 is a form of the heme catabolic enzyme, heme oxygenase, using evidence obtained from northern blotting, two-dimensional polyacrylamide gel electrophoresis and western analysis. Heme oxygenase is believed to be an important component of the cellular response to oxidative stress. The significance of heme oxygenase as a hypoxiainduced stress protein is discussed.
Hypoxia is an important environmental stress encountered in some solid tumours that can influence the effectiveness of radiation, hyperthermia and chemo-therapy (Coleman, 1988; Heacock & Sutherland, 1990) . Poor vascularisation of tumours is common, and this results in impaired delivery of oxygen, glucose and other nutrients to cells distant from blood vessels, as well as inefficient removal of metabolic wastes (Sutherland, 1988) . Among the many changes in tumour cellular physiology that occur under hypoxic stress, it has been observed that a group of proteins, called oxygen regulated proteins or ORPs, can be induced to undergo enhanced rates of synthesis depending on the severity and duration of the stress (Heacock & Sutherland, 1990; Anderson et al., 1979; Heacock & Sutherland, 1986) . Moreover, the kinetics of the development of resistance to the drug adriamycin in vitro have been reported to correlate with the enhanced expression of some of these ORPs Subjeck & Shyy, 1986) . Another phenotype associated with chronic hypoxia is enhanced radiation sensitivity following reoxygenation. Although low oxygen is known to give rise to radiation resistance, through a diminishment of the phenomenon known as the oxygen effect (von Sonntag, 1987) , upon reoxygenation chronically hypoxic cells exhibit enhanced sensitivity to gamma radiation (Kwok & Sutherland, 1989a; Kwok & Sutherland, 1989b) . The mechanistic basis of this effect is not understood, although it may be a consequence of the stress caused by reoxygenation rather than by hypoxia per se.
The molecular weights assigned to five major ORPs are 260, 150, 100, 80 and 33 kilodaltons (Heacock & Sutherland, 1986) . Evidence from peptide mapping experiments suggested that ORP 80 and ORP 100 are the same proteins as GRP 78 and 94, respectively (Sciandra et al., 1984) . Recently, it has been established that ORP 80 is identical to glucose regulated protein 78 (GRP 78) (Roll et al., 1990 In experiments designed to determine a time course for the induction of heme oxygenase under hypoxia, the chambers were opened, the plates were placed on ice, the media was removed by aspiration and the cells were immediately lysed as above by the addition of cold lysis buffer.
ing to the method of O'Farrell (O'Farrell & O'Farrell, 1978) , using a Hoeffer Scientific Instruments gel apparatus. Prior to electrophoresis, protein samples were quantitated by a BCA assay (Pierce) and specific activities were determined following TCA precipitation and liquid scintillation counting. Protein samples of equal specific activities were loaded on the isoelectric focussing (IEF) gels, which were prepared for a pH range of approximately 5 to 7. The second dimension resolving gels were 10% polyacrylamide. Western blotting of the two-dimensional gels was performed using Immobilon-P membranes (Millipore) and a Bio-Rad Transbot apparatus. The western blots were probed with a polyclonal rabbit anti-rat heme oxygenase IgG antibody sample, and visualised with a system composed of biotinylated goat anti-rabbit IgG (Vector Labs), alkaline phosphatase/streptavidin conjugate (Vector Labs) and BCIP and NBT (BRL). The antibody (provided by Dr T. Yoshida) was raised against induced heme oxygenase from rat liver and has been used successfully to detect the enzyme in other work (Yoshida & Sato, 1989; Shibahara et al., 1979) . One-dimensional SDS-polyacrylamide gel electrophoresis for western blotting was performed by loading equal protein (30 pg) in each well of a 10% gel. RNA samples were loaded at 15,tg per lane on a 1% agarose denaturing gel containing approximately 0.66 M formaldehyde. Electrophoresis was performed at room temperature for 4 h at 100 V in 1 x MOPS buffer, consisting of 20 mM 3-(N-morpholino)propanesulfonic acid (Sigma Chemical Company), 5 mm sodium acetate and 1 mM EDTA at pH 7.0. The RNA was visualised by staining with ethidium bromide (10 Lg ml-'), destained in deionised water and photographed with Polaroid 57 film. The gel was prepared for transfer by washing in deionised water and soaking in 0.05 N NaOH/1 x SSC for 10 min, followed by two, 15 min washes in 10 x SSC. The nitrocellulose membrane (Hybond-C extra, Amersham) was wetted in deionised water and then soaked in 10 x SSC. The RNA was transferred onto the membrane overnight by capillary action in 10 x SSC and fixed to the membrane by UV-crosslinking (UV Stratalinker 1800, Stratagene). DNA probes were end-labelled using gamma-32P-dATP (Amersham) and T4 polynucleotide kinase. The DNA probe used to detect the heme oxygenase message on the blots was a 33mer synthesised on an Applied Biosystems 380A nucleic acid synthesiser by standard methyl phosphoramidite chemistry. The sequence is for human heme oxygenase (Yoshida et al., 1988) Figure 2 . The message size (1.8-2.0kb) agrees with sizes reported in the literature for heme oxygenase (Abraham et al., 1988) . Since rat heme oxygenase is approximately 80% similar to human heme oxygenase at the DNA level (Yoshida et al., 1988) , hybridisation of the 33mer oligodeoxynucleotide probe to the blot for hamster RNA was not expected to have significant stringency requirements other than that associated with considerations of probe size. This figure demonstrates that the message for heme oxygenase underwent an induction under hypoxia relative to the aerobic control. The magnitude of this induction from densitometry ranged from three-to six-fold in three independent experiments.
The western blots for heme oxygenase are presented in Figure 3 , together with the autoradiographs from the same experiment. The detection of the enzyme by both western blotting and autoradiography was done using the same membrane, as described in Materials and methods. The position of heme oxygenase is indicated by arrows, and the nominal mass (32 kDa) and approximate pl (6.8) values are included. The observed pl value agrees reasonably well with that determined by a theoretical calculation (5.8) based on the amino acid composition of the human enzyme (Yoshida et al., 1988) . Both the western blots and the autoradiographs show that the enzyme is produced at higher levels under hypoxic stress in CHO cells. Densitometry of the autoradiographs indicates that heme oxygenase is induced at the protein level to a similar extent as that found for message induction (approximately three-fold).
A time course for the induction of heme oxygenase is shown in Figure 4 . The total cellular protein used for each time point (4-16 h) was prepared by the addition of lysis buffer and disruption of the cells by harvesting within less than 3 min after opening the hypoxia chambers. Taken with the northern blotting experiments, these western blotting results confirm the observation that ORP 33/heme oxygenase is induced by hypoxic stress rather than by some effect of reoxygenation, since for both types of experiments the hypoxic CHO cells were lysed immediately after opening the hypoxia chambers and removing the media. This result demonstrates that heme oxygenase protein was present at 1.8-fold enhanced levels relative to the aerobic control by 4h of hypoxia, and maximum induction occurred by 12 h (fourfold). Similar results for the kinetics of induction of an ORP 33 have been reported using autoradiography to visualise the relative abundance of ORP proteins obtained from hypoxic CHO cells .
Discussion
Heme oxygenase is a monomeric protein that has a molecular weight in the range of 30 to 35 kDa, and exists as two isozymes (Abraham et al., 1988 (Abraham et al., 1988; Maines, 1988; Keyse & Tyrrell, 1989 & Farkas, 1988) . Recently it has been claimed that an important regulator of heme oxygenase is oxidising stress. In this hypothesis, the enzyme has a protective function for cells exposed to UV radiation by providing increased levels of the putative antioxidant bilirubin derived from heme, and by reducing the concentrations of potentially toxic heme compounds (Keyse & Tyrrell, 1989) . Since UVA radiation, hydrogen peroxide and sodium arsenite, which induce heme oxygenase, are also capable of decreasing cellular glutathione (GSH), it was suggested that an important signal for the regulation of levels of the enzyme is the availability of GSH (Keyse & Tyrrell, 1989 ).
Paradoxically, this potential role for heme oxygenase in the protection of oxygenated cells from oxidative stress can provide a rationale for its induction in hypoxic cells. It has been shown that enhanced ORP synthesis is maximal in hypoxic A431 and CaSki human squamous carcinoma cells by 12 h of hypoxia, at which time cellular GSH depletion is also greatest (Kwok & Sutherland, 1989a) . A similar observation was made for chronically hypoxic EMT6/Ro cells (J.J. Sciandra, G.J. Michel and R.M. Sutherland, unpublished data). Heme oxygenase message was also observed to undergo an approximate three-fold enhancement in A431 cells under hypoxia (data not shown). Hence it can be postulated that the induction of heme oxygenase in hypoxic CHO cells is linked to the decline in GSH that occurs under hypoxic stress. One approach currently underway in this laboratory to test this hypothesis is to decrease cellular glutathione with the drug D,L-buthionine-(S,R)-sulfoximine (BSO), which inhibits the enzyme gamma-glutamylcysteine synthetase (Griffith & Meister, 1979) , and to determine whether this treatment will induce heme oxygenase. Among the enzymes involved in glutathione metabolism, it has already been established by western blotting that glutathione-S-transferase is not enhanced in hypoxic CHO cells (data not shown). It is still not clear, however, what relationship enhanced levels of the enzyme could have with hypoxia-induced drug resistance or radiation sensitivity.
In the present work, we have established that heme oxygenase is a hypoxic stress protein. However, it is not known whether the development of the phenotypes of hypoxiainduced drug resistance or radiation sensitivity is directly related to the enhanced expression of the enhanced expression of this particular ORP. Experiments are underway to investigate this possibility using tin protophorphyrins, which are specific inhibitors of the activity of the enzyme (Abraham et al., 1988) . The mechanism of the coordinate induction of the oxygen-regulated proteins is currently not clear, and is probably influenced by multiple stimuli as well as the type of cell. Further progress in this area will require the identification of more of these stress proteins, and an analysis of their gene regulatory regions.
